We synthesized pure-silica ZSM-48 zeolite with cheap and conventional amphiphilic organic cation, dodecyltrimethyl ammonium cation, as structure-directing agent. Although severe hydrothermal conditions are usually required to utilize organics possessing anisotropic charge distribution, by controlling the water content of the reactant gel, the crystallization was completed within 5 days at 160°C. This approach enabled the ZSM-48 zeolite synthesis with lower synthesis temperature, shorter synthesis period, and higher productivity. Smaller size of the obtained crystals reflected the enhanced nucleation from the concentrated reactant gel. These results suggested that the concentrated system has an advantage in the synthesizing zeolite with an amphiphilic organic cation as structure-directing agent.
Introduction
Zeolite, a class of ceramic materials, has a microporous structure, which has been used for wide industrial applications, such as heterogeneous catalyst or separation media. In the recent zeolite synthesis, organic cations have been employed as structure-directing agents (SDAs). 1) ,2) The introduction of complex and large organic SDAs has enabled us to prepare new zeolite materials.
3) However, the use of such SDAs should be as low as possible due to their high synthesis cost, complex synthesis processes, and higher energy consumption. To answer the problem, utilization of alternative cheaper SDAs and elimination of organic SDAs have been discussed. 4) 7) In common, the hydrophobicity and hydrophilicity are key factors for the interaction between SDAs and silicate species, 8) therefore, SDA possessing isotropic charge distribution has been effectively employed.
2) On the other hand, organic cations possessing anisotropic charge distribution, such as amphiphilic tetraalkyl ammonium cation, have been rarely employed in the zeolite synthesis. Although their assembly has been used as template for mesoporous materials, 9),10) amphiphilic organic cations have not been employed as SDAs for zeolites due to the anisotropic and partial charge distribution. 8) When such amphiphilic organic cations are utilized as SDAs, relatively severe hydrothermal conditions, high temperature and high autogenous pressure (more than ca. 180°C in sealed vessel), are requried.
11)16)
Pure-silica ZSM-48 zeolite, which possesses 1-dimentional, 10-membered ring pore structure, can be synthesized with amphiphilic organic cation, dodecyltrimethyl ammonium cation (C 12 TMA + ).
11)16) However, due to the anisotropic charge distribution, severe hydrothermal treatment (ca. 200°C for 1 week) was necessary for the syntehsis.
11)16) If diamines, polyamines, or diammonium cations possessing isotropic charge distribution were used as SDAs, the synthesis at lower temperature has been achieved. 17)19) However, in the case of amphiphilic organic cation, no reports have attempted to reduce the synthesis temperature and crystallization period as far as we know. For the industrial applications, all the synthesis temperature, synthesis period, production cost, and productivity should be lower, shorter, lower, and higher, respectively.
Here we report the synthesis of ZSM-48 with amphiphilic organic cation, C 12 TMA + , by the hydrothermal treatment under mild condition, at 160°C for 5 days, by tuning the reactant gel composition. We achieved the synthesis of pure-silica ZSM-48 zeolite with cheap and commercially available amphiphilic organic cation as SDA at lower synthesis temperature in shorter synthesis period without adding any special additives. The crystallization was achieved in concentrated reactant gel by the careful tuning of synthesis conditions. The obtained ZSM-48 crystals showed characteristic needle-like or rod-like morphologies depending on the water content.
Experimental
For the synthesis of ZSM-48, the reactant gel was prepared with the following chemical composition: SiO 2 :0.2Na 2 O:0.3SDA: xH 2 O, where x was varied from 20 to 140. Dodecyltrimethyl ammonium bromide (C 12 TMABr, Aldrich) was added to a solution of sodium hydroxide (Wako). Then, fumed silica (Cab-OSil M5, Cabot) was added to the mixture. The homogenized mixtures were introduced into 23 ml Parr Teflon μ -lined, stainless steel autoclaves and heated at 160°C for different periods of time under static condition. The obtained products were washed by filtration with distilled water, and dried at 80°C in an oven. The crystal structure was investigated by powder X-ray diffraction (XRD), and the size and shape of crystals were observed by fieldemission scanning electron microscopy (FE-SEM). The crystallinity of the obtained ZSM-48 crystal was evaluated by comparing the intensity of the observed diffraction at 2ª = 21.16°to that of the fully crystallized ZSM-48 crystal. Figure 1 shows the evolution of XRD patterns of the obtained products synthesized from the reactant gel with different water content. In the early stage of heating, XRD patterns show broad diffraction peak around 22°. This indicated that the products were amorphous [ Figs. 1(a) and 1(b) ]. In the case of the concentrated system at H 2 O/Si = 20, diffraction peaks due to ZSM-48 crystal appear after the 2 days of the hydrothermal treatment [ Fig. 1(a) ]. The crystallization of ZSM-48 zeolite proceeded along with the hydrothermal treatment, and ZSM-48 zeolite was almost fully crystallized after 5 days [ Fig. 1(a) ]. It should be noted that the broadening of peaks around would be due to the potential random stacking of the framework. On the other hand, in the case of the diluted system at H 2 O/Si = 140, the diffraction peaks due to ZSM-48 crystal appeared after 7 days of the hydrothermal treatment, and the crystallization completed was after 10 days [ Fig. 1(b) ]. Figure 2 shows the crystallization curves of ZSM-48 zeolite synthesized from the reactant gel with different water content. As shown in Fig. 1 , at H 2 O/Si = 20, ZSM-48 crystal starts to be observed after 2 days of hydrothermal treatment and fully crystallized after another 3 days of heating (total 5 days). Relatively short induction period prior to the onset of the crystallization would reflect the faster nucleation. The crystallinity rapidly reached to the maximum value, which indicated that the crystal growth was also fast. On the other hand, in the more diluted system, nucleation became slower with the increasing of the water content. 3, 5, and 7 days were necessary for the nucleation of ZSM-48 zeolite with the water content at H 2 O/Si = 60, 100, and 140, respectively. And, total ca. 10 days are necessary for the full crystallization, as shown in Fig. 2 .
Results and discussions
The difference of crystallization behavior would be caused by the water content of the reactant gel. Moreover, alkalinity (OH ¹ / H 2 O) of the concentrated reactant gel was higher than that in the diluted system. In these different conditions, ZSM-48 zeolite would nucleate more frequently in concentrated system. This trend has been well known in many other zeolite syntheses.
20)22)
On the other hand, the increase of the crystal growth was only seen with the water content at H 2 O/Si = 20 as shown in Fig. 2 . We speculated that the water content would be critical for the synthesis of ZSM-48 zeolite at H 2 O/Si = 20.
As mentioned before, severe hydrothermal conditions are required for utilization of amphiphilic SDAs. 11)16) However, in this study, ZSM-48 zeolite was successfully synthesized at lower temperature (160°C) using C 12 TMA + cation as SDA. Although the lower synthesis temperature generally gives slower nucleation and crystal growth rate, we achieved shorter synthesis time (5 days) by tuning the water content of the reactant gel. It should be noted that we did not add any additives, such as seed crystals, to enhance the crystallization. Therefore, the synthesis process was quite simple and was consist of essential raw materials. Figure 3 shows SEM images of obtained ZSM-48 crystals synthesized with the different water content. Thin needle-like crystals, aggregated like a sea urchin, are observed when crystallized from the concentrated reactant gel, as shown in Fig. 3(a) . On the other hand, aggregated rod-like crystals are observed in the case of the diluted reactant gel, as shown in Fig. 3(b) . Each needle-like crystal is smaller than each rod-like crystal in size. This would be also explained by the difference of nucleation rate vs. crystal growth rate. These morphologies were similar to the conventional zeolite crystals synthesized with diamines or diquaternary ammonium cations. 12) 
Conclusions
In conclusion, we synthesized pure-silica ZSM-48 zeolite using C 12 TMA + as SDA, which is cheap and commercially available organic, under the mild hydrothermal condition (160°C, 5 days). Only by tuning the gel composition, we successfully utilized amphiphilic cation as SDA under mild synthesis condition without adding the seed crystals. The morphology of thin needle-like crystal was speculated to be due to fast nucleation rate compared with the growth rate. Based on the result, it would be suggested that the concentrated system has an advantage in the synthesizing other zeolites with an amphiphilic organic cation as SDA under milder condition.
